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The  strength  decrease  due  to  increased  pore  pressure,  previously  referred 
to  as  liquefaction  potential,  of  four  sands,  for  which  laboratory  Standard  Pen- 
etration Tests  (SPT)  had  previously  been  performed,  was  evaluated  by  cyclic  tri- 
axial tests  at  comparable  relative  densities  and  confining  pressures.  Stress- 
controlled  monotonic  R tests  were  performed  on  one  sand  to  compare  potential  for 
strength  loss  due  to  increasing  pore  pressure  under  static  versus  cyclic  load- 
ing. The  object  of  both  test  series  was  to  develop  correlations  between  . — 
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M3PT-N  values  and  potential  for  strength  loss  due  to  increasing  pore  pressure. 
In  addition,  material  constants  for  evaluating  an  elastic-plastic  constitutive 
model  were  obtained  during  the  monotonic  R tests. 

The  results  of  the  cyclic  triaxial  tests  revealed  that  as  the  mean  grain 
diameter,  D50  » and  uniformity  coefficient  decreased,  so  did  the  resistance 
to  achieving  100  percent  pore  pressure  response  (previously  referred  to  as 
initial  liquefaction),  i.e.,  fine  uniform  sands  are  most  susceptible  to  100 
percent  pore  pressure  response.  Increasing  confining  pressures  decrease  the 
stress  ratio  required  for  achieving  100  percent  pore  pressure  response. 

Values  6>f  Cjj  for  correcting  SPT  N-values  to  an  effective  overburden 
pressure  of  i tsf  (95.76  kPa)  vary  with  relative  density,  sand  type,  and  over- 
burden pressure.  The  value  of  Cr  for  correcting  isotropically  consolidated 
cyclic  triaxial  results  to  estimated  field  behavior  varied  from  0.1»1  to  0.63 
for  specimens  prepared  by  moist  tamping.  Nevertheless,  a first  approximation 
between  cyclic  triaxial  tests  and  laboratory  SPT  N-values  was  used  to  extend 
the  data  base  of  x/o^  versus  N^  relationships. 

Cyclic  triaxial  tests  produce  100  percent  pore  pressure  response  in 
specinyens  denser  than  critical,  i.e.  dilative  sands.  However,  for  this  condi- 
tion fo  occur,  two  criteria  must  be  satisfied:  (a)  a stress  reversal  through 
the  itydrostatic  condition  must  occur,  and  (b)  a sufficient  number  of  cycles 
must  be  applied.  Failure  in  cyclic  tests  occurs  in  extension,  usually  several 
cycles  prior  to  100  percent  pore  pressure  response.  The  same  effective  stress 
parameters  in  monotonic  and  cyclic  triaxial  tests  are  appropriate  to  define 
failure;  the  primary  difference  between  the  two  tests  is  the  stress  path 
followed. 

~ The  elastic-plastic  constitutive  model  qualitatively  predicts  behavior 
in  monotonic  R tests. 
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PREFACE 


The  study  reported  herein  was  performed  hy  the  U.  S.  Army  Engineer 
Waterways  Experiment  Station  (WES)  as  part  of  the  Office,  Chief  of  Engi- 
neers, U.  8.  Army  (OCE),  Civil  Works  and  Military  Engineering  and  Con- 
struction Research  effort.  This  investigation  was  authorised  by  OCE 
under  the  CWIS  illUs  Work  Unit  entitled  "Liquefaction  Potential  of  Pams 
and  Foundations"  and  Project  UA1M102B52E,  Task  oil , "Liquefaction  of 
Soils  Under  Static  and  Dynamic  Loads." 

The  laboratory  tests  were  conducted  by  Mr.  R.  P.  Barnette  with 
instrumentation  assistance  from  Mr.  R.  R.  Pent  under  the  technical 
direction  and  responsibility  of  Prs.  J.  P.  Mulilis  juuI  F.  C.  Townsend. 
The  verification  of  the  elastic-plastic  constitutive  equation  was.  done 
by  Pr.  B.  Rohan i.  The  work  was  conducted  under  the  general  supervision 
of  Mr.  C.  L.  McAnear,  Chief,  Soil  Mechanics  Division.  Messrs.  J.  P. 

Sale  and  R.  G.  Ahlvin  were  Chief  and  Assistant  Chief,  respectively,  of 
the  Geotechnical  Laboratory.  This  report  was  prepared  by  Prs.  F.  C. 
Townsend  and  J.  F.  Mulilis. 

COL  J.  L.  Cannon,  CE,  was  Commander  and  Director  of  the  UTd'  during 
the  conduct  of  the  study  and  preparation  of  this  report.  Mr.  F.  R. 

Brown  was  Technical  Director. 


1.  rage  51,  paragraph  1*8,  line  10:  Chang-  K'  and  K'  to  K and  K , 
respectively. 

2.  Page  53.  Figure  32:  In  lower  left  drawing,  change  (abscissR  de- 

scription) to  J’  ; in  lower  left,  drawing,  change  M/3/3  = a to 
M/3/3  * °>1  ; and  to  the  left  above  figure  caption,  change 

J2  mi(°l  * 2ol)  to  J2-3  (°1  -*/  • 

3.  Page  S9,  paragraph  51:  In  line  3,  change  ly,  , K'  , K'  and  Kj 
to  K,-,  , K , K and  Kj  , respectively;  in  line  5,  change  a to 
ai.  (twice);  and  in  line  6,  change  deviation  to  deviator  (twice). 

U.  Page  6l,  Table  11:  Change^eolumn  headings  K<(**  , K't  , K't+  , 

and  u§§  to  Ko**  , Kt  , Kt+  , K[  and  aj§§  , respectively; 

change  i6th  footnote)  tt  W * P/K  - — = . to  it  W = P'/K  - . 

Ko  >v> 

and  change  (8th  footnote)  §§  a = 1 $ to  §§  a1 

, ■~>  sln  ♦ ' (3  - sin  *’)/3 

(3  - sin  $ ’ )/3 

5.  Page  63,  paragraph  51,  top  line  of  page:  Change  v1  to  v'  . 

b.  Page  63,  paragraph  52:  In  line  8,  change  l/«  to  l/a^  ; in  line  9, 
change  1/a  to  l/aj  ; and  in  line  10,  change  a to  . 
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7.  Rage  63,  title  for  Table  12:  Title  should  read  "Numerical  Values  of 
Material  Constants  for  Reid-Bedford  Model  Sand*" 

8.  Page  6U,  Table  12  (Concluded):  Change  a under  "Material  Constants" 

to  ; and  add  the  following  under  closing  line  of  table: 

Note:  See  Table  11  for  definitions  of  W and  . 

* After  G.  Y.  Baladi  and  B.  Rohani.  April  1979-  "Elastic- 
Plastic  Model  for  Saturated  Sands,"  Journal,  Geotechnical 
Engineering  Division,  American  Society  of  Civil  Engineers, 

Vol  10S,  No.  GTU,  Table  1,  P 1*7U . 
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CONVERSION  FACTORS,  U.  S.  CUSTOMARY  TO  METRIC  (SI) 
UNITS  OF  MEASUREMENT 


U.  S.  customary  units  of  measurement  used  in  this  report  can  be  con- 
verted to  metric  (Si)  units  as  follows: 


Multiply 


To  Obtain 


inches 


inches  of  mercury  (60°  ")  3376.85 
pounds  (force) 

pounds  (force)  per  square  inch  689!*. 757 
pounds  (mass)  0.1*53 
pounds  (mass)  per  cubic  foot  16.018 
tons  (force)  per  square  foot  95.760 


0.301*8  metres 

25.1*  millimetres 

3376.85  pascals 

1*.  1*1*8222  newtons 


pascals 


0.1*535921*  Kilograms 
16.0181*6  kilograms  per  cubic  metre 

95.76052  kilopascals 
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LABORATORY  STRENGTH  OF  SANDS  UNDER  STATIC  AND  CYCLIC  LOADINGS 

PART  I : INTRODUCTION 

Background 

1.  Evaluation  of  the  potential  for  strength  loss  due  to  increase 
in  pore  pressure  of  cohesionless  soil  deposits  based  upon  field  perfor- 
mance is  obviously  a meritorious  method.  In  the  case  of  flow  slides, 

1 2 

Casagrande  and  Castro  have  relied  upon  establishing  the  critical  void 

ratio  as  a function  of  confining  pressure  to  evaluate  the  contractive  or 

3 1* 

dilative  response  of  a sand  deposit.  Recently,  Seed  has  suggested 
using  a semiempirical  procedure  for  estimating  the  liquefaction  poten- 
tial for  seismically  induced  ground  failure  of  level  ground  deposits 

due  to  cyclic  stress  applications.  This  procedure,  guided  by  earlier 
L-8 

studies,  correlates  field  performance  with  in  situ  characteristics 

determined  by  the  Standard  Penetration  Test  (SPT)  and  cyclic  stress 

ratio,  which  is  an  indirect  measurement  of  ground  shaking.  Reliance 

on  the  SPT  is  an  extension  of  early  evaluations  of  the  potential  for 

o 

seismically  induced  ground  failure  based  upon  relative  density  and 
relationships  between  penetration  resistance  mid  relative  density.  How- 
ever, recognising  that  most  factors  (soil  structure,  coefficient  of 
earth  pressure  at  rest  Kq  ,*  as  well  as  density)  which  tend  to  improve 
resistance  to  ground  failure  also  tend  to  increase  the  standard  pene- 
tration resistance,  it  might  well  be  expected  that  an  in  situ  test 
would  be  useful  as  an  index  of  the  potential  for  ground  failure. 

2.  In  evaluating  the  potential  for  seismically  induced  ground 
failure,  a design  chart  (Figure  l)  has  been  prepared  in  which  cyclic 
stress  ratios  likely  to  cause  failure  are  plotted  versus  SPT  N-values 


I 

i 


* For  convenience,  symbols  are  listed  and  defined  in  the  Notation 
(Appendix  C). 


6.5 

78V 


• OERIVEO  FROM  SHAKE  TABLE  TESTS 
••  DERIVED  PRIMARILY  FROM  FIELD  DATA 


MODIFIED  PENETRATION  RESISTANCE,  N,  - BLOWS/FT 

Figure  1.  Correlation  between  field  liquefaction  behavior  of  sands  for 
level  ground  conditions  and  penetration  resistance  (from  Seed3) 

corrected  to  an  overburden  pressure  of  1 tsf*  N^.  No  such  correlation 
has  been  published  for  failure  caused  by  monotonic  load  increases. 

3.  Introduction  of  liquefaction  in  loose  sand  deposits  is  not 
solely  restricted  to  cyclic  stresses,  as  evidenced  by  numerous  flow 


* A table  of  factors  for  converting  U.  S.  customary  units  of  measure- 
ment to  metric  (Si)  units  is  presented  on  page 
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— 


10  2 

slides  which  have  occurred  in  the  absence  of  earthquakes.  Castro, 
Durham  and  Townsend^  have  demonstrated  in  the  laboratory  that  lique- 
faction under  monotonic  loadings  is  highly  dependent  upon  relative 
density  and  confining  pressure.  For  relative  densities  greater  than 
the  critical  void  ratio,  dilation  occurs;  while  for  densities  below  the 
critical  void  ratio,  contraction  and  liquefaction  (100  percent  pore  pres- 
sure response),  i.e.  flow,  can  occur.  Conversely,  cyclic  loading  in  the 
laboratory  has  produced  100  percent  pore  pressure  response  in  test  spec- 
imens denser  than  the  critical  void  ratio.  Nevertheless,  a design  chart 
similar  to  Figure  1,  but  for  monotonic  loading,  may  be  possible. 

1*.  Regardless  of  the  loading  condition,  understanding  liquefac- 
tion problems  in  saturated  sands  can  be  assisted  by  examining  the 

stress-strain  pore  pressure  response,  i.e.  constitutive  properties. 

12 

In  this  context,  Baladi  and  Rohani  have  proposed  a preliminary 
elastic-plastic  constitutive  relationship  for  saturated  sands  for  use 
in  boundary  value  problems.  Characterization  of  their  model  requires: 
four  material  constants,  , Kq  , , K0  , from  isotropic  com- 

pression tests;  the  elastic  shear  modulus  G ; and  slope  of  the  fail- 
ure envelope  M . 


Objectives  and  Scope 


5.  With  the  above  factors  in  mind,  the  objectives  of  the  inves- 
tigation described  herein  are: 

ji.  To  determine  the  undrained  cyclic  triaxial  response  of 
Reid-Bedford  Model,  Ottawa,  Platte  River,  and  Standard 
Concrete  sands  in  order  to  evaluate  relationships  between 
standard  penetration  resistance  of  these  sands!3,l^  and 
their  potential  for  strength  loss  due  to  increased  pore 
pressure. 

ts.  Since  the  four  sands  vary  to  some  extent  in  gradation, 
mineralogy,  particle-shape,  and  size,  to  investigate  the 
effect  of  these  variables  on  the  potential  of  these  sands 
to  lose  strength  because  of  increasing  pore  pressures. 

£.  To  determine  the  undrained  cyclic  triaxial  response  of 
Reid-Bedford  Model  sand  at  various  densities  and  con- 
fining pressures  and  to  investigate  the  effects  of  these 


7 


variables!  on  the  potential  of  thin  uund  to  lone  strength 
because  of  increasing  pore  pressures . 


To  determine  the  undralned  monoton 1 c H trl axial 
of  He  id- Bedford  Movie  l sand  at  various  denaitlen 
confining  pressures,  to  Investigate  tin*  effects 
variables  on  the  liquefaction  potential  of  thin 
to  evaluate  the  critical  void  ratio. 


response 

and 

of  these 
sand,  and 


To  characterize  the  confining  prenuuren  under  monotonic 
loading  and  the  material  parameters , according  to  Huladi 
and  Notion  l 'a  constitutive  relationship'  *•'  for  He  Id-Bed  ford 
Model  sand  under  various!  densities. 


fi 


PART  II:  EQUIPMENT,  MATERIALS,  AND  TESTING  PROCEDURES 

Equipment 

6.  In  this  investigation,  sinusoidal  cyclic  or  stepwise  increas- 
ing monotonic  axial  loads  were  applied  by  a MTS  closed-loop  testing  sys- 
tem. All  tests  were  performed  in  the  load  control  mode. 

7.  For  the  cyclic  triaxial  test  a constant  sinusoidal  cyclic 
deviator  stress  a ^ was  applied  at  a frequency  of  1 Hz  to  fully 
saturated  specimens  under  undrained  conditions  until  the  specimen  de- 
formed to  a peak-to-peak  axial  strain  of  approximately  10  percent.  In 
the  monotonically  loaded  tests,  axial  load  increments  of  8 lb  were  ap- 
plied at  1-min  intervals  until  an  axial  compressive  strain  from  10  to 
20  percent  was  achieved,  depending  upon  whether  the  specimen  dilated 
or  liquefied. 

8.  In  both  the  cyclic  triaxial  and  monotonic  R tests,  four  var- 
iables were  continuously  monitored  during  each  test:  axial  load,  axial 
deformation,  pore  pressure,  and  cnamber  pressure.  An  additional  vari- 
able, radial  deformation,  was  monitored  by  an  LVDT  lamp  placed  at  the 
specimen  midheight  during  the  monotonic  loading  tests  to  provide  data 
for  characterizing  the  elastic-plastic  constitutive  model  (Figure  2). 

The  variables  were  monitored  with  electronic  sensors  and  recorded  with 
a high-speed  continuous  line  recorder.  The  equipment  was  carefully 
calibrated  prior  to  testing.  All  tests  were  isotropically  consolidated 
and  conducted  undrained  on  remolded  specimens  approximately  2.8  in.  in 
diameter  by  6 in.  high. 


Materials 


9.  The  majority  of  all  tests  were  performed  on  four  sands:  Reid- 
Bedford  Model,  Ottawa,  Platte  River,  and  Standard  Concrete.  The  grada- 
tion curves  of  these  sands  are  shown  in  Figure  3,  the  pertinent  mechan- 
ical properties  are  summarized  in  Table  1,  and  the  mineralogical  com- 
positions are  shown  in  Table  2.  In  addition  to  these  sands,  two  check 
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Figure  3.  Summary  of  gradation  curves 
(after  Bi eganouaky  jual  Mareuaonl3,l ** ) 

teats  were  performed  on  Monterey  No.  0 sand,  which  is  a clean,  uniform 

beach  and  dune  sand  (D.  , * 0.36  nun  , C * 1.5  , G * . v 

50  u s d-nutx 

* 105.7  pcf  und  Yl_min  * 89.3  pc f ) . 

Table  2 

Mineralogicul  Compos  i t ion 
(After  Bleganounky  iuid  Mnrcuson^  ^ ’ * ** ) 


Material 

Quartz 

Feldspar 

% 

Mica 

Rock 

Fragments 

Other* 

X 

Ottawa 

98.0 

— 

-- 

2.0 

Reid-Bedford  Model 

89.1 

9.U 

— 

— 

1.5 

standard  Concrete 

80.3 

6.0 

— 

11.3 

2.b 

Flatte  Kiver 

53.0 

25.3 

0.5 

18.0 

3.2 

* Includes  calcite,  "heavies"  (i.e.  minerals  with  G,,  > 2.85), 
"opaques  (i.e.  minerals  that  do  not  transmit  light),  and 
ferromagnes  1 tun. 
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Testing  Procedures 


iO.  Regardless  of  the  type  ol"  test  to  be  performed,  all  speci- 
mens  were  compacted,  saturated,  and  consolidated  in  the  same  mummer: 

a.  Specimen  preruxat Ion.  All  specimens  were  remolded  to 
the  desired  density  by  a moist- tamping  method  of  com- 
paction described  in  detail  by  Mulilio  et  al.^--’  After 
the  specimen  had  been  compacted  and  sealed  by  placing 
the  top  cap  und  securing  the  membrane  with  an  O-ring, 

10.2  in.  of  vacuum  (5.0  psi)  were  applied  to  the  speci- 
men through  the  top  cap.  Subsequently,  the  forming 
Jacket  was  removed,  and  the  specimen  was  supported  by 
the  vacuum  while  the  height  and  diameter  of  the  specimen 
were  measured.  The  height  was  measured  with  a dial  gage 
to  the  nearest  0.001  in.,  and  the  diameter  was  measured 
to  the  nearest  0.001  in.  at  three  equally  spaced  loca- 
tions (approximately  the  quarter  points)  along  the 
specimen  with  a steel  circumferential  tape.  In  the  case 
of  the  monotonic  R tests,  an  LVDT  clamp  wus  positioned 
ut  midheight  and  fixed  to  the  membrane  with  Deveon 
5-min  epoxy. 

b.  Oaturat ion.  All  specimens  were  saturated  by  u process 
consisting  of  two  phases:  seepage  saturation  and  back- 
pressure saturation.  After  determining  the  dimensions 
of  the  specimen,  the  triaxial  chamber  was  assembled,  and 
tile  vacuum  on  the  sample  was  gradually  increased  to 
28.5  in.  of  mercury  (14  psi)  while  a vacuum  of  18.3  in. 
of  mercury  (9  psi)  was  simultaneously  applied  to  the 
triaxial  chamber.  Thus , although  a large  vacuum  (lit  psi) 
wus  applied  to  tile  specimen,  the  net  effective  confining 
pressure  was  still  only  5 psi.  A line  containing  de- 
aired,  distilled  water  was  then  opened  to  the  bottom  of 
the  specimen;  and  water  was  allowed  to  seep  into  the  soil 
very  slowly,  displacing  the  air  in  the  specimen.  When 
water  had  completely  filled  the  specimen  voids  fuid  about 
100  cc  hud  been  allowed  to  seep  through  the  soil,  the 
valve  in  the  waterline  was  closed;  the  vacuum  on  the 
specimen  was  gradually  reduced  to  zero;  and  the  top  line 
of  the  specimen  was  exposed  to  the  atmosphere,  while  ttie 
vacuum  on  the  chamber  was  simultaneously  reduced  to  zero 
and  a positive  pressure  of  5 psi  was  applied  to  the  cham- 
ber. Tims,  the  net  effective  confining  pressure  acting 
on  the  specimen  was  still  5 psi.  Back-pressure  satura- 
tion was  tiien  used  to  ensure  complete  saturation  of  the 
specimen.  Typically,  complete  saturation  of  the  soil 
was  obtained  witli  a back  pressure  ranging  from  30  to 

80  psi.  The  degree  of  saturation  for  this  testing  is 
expressed  in  terms  of  Okempton's  B-pnrameter . The 


1 J 


B-parameter  is  the  ratio  of  the  induced  change  in  pore 
pressure  (Au)  to  a change  in  chamber  pressure  (Ao^)  in 
an  undrained  state,  i.e. 


c 


(1) 


The  value  was  determined  by  closing  the  drainage  line, 
increasing  the  chamber  pressure  by  10  psi , and  observing 
the  Increase  in  pore  water  pressure.  The  B-values  of  all 
specimens  ranged  from  0.91*  to  1.00,  with  the  majority 
being  0.9b  or  greater. 

Consol idat ion.  After  saturation  had  been  achieved, 
specimens  were  consolidated  under  the  effective  con- 
fining pressures  at  which  they  would  be  tested.  Con- 
solidation was  accomplished  by  increasing  the  chamber 
pressure,  while  allowing  such  drainage  that  the  final 
difference  between  the  chamber  pressure  and  the  back 
pressure  was  the  desired  effective  confining  pressure. 

In  t lie  monotonic  K tests  at  effective  confining  pressures 
of  1*0  and  80  psi,  an  isotropic  compression  load-rebound 
test  (ICL-R)  was  conducted  by  isotropically  loading  to  a 
consolidation  pressure  (o^)  of  10  and  60  psi,  respec- 
tively. rebounding  to  o'  = 5 psi  , and  reconsolidating 
to  the  testing  of  Uo  or  80  psi.  It  was  anticipated 

that  the  load-rebound  portion  of  the  isotropic  compres- 
sion test  would  not  affect  specimen  behavior  when  re- 
consolidated  to  higher  testing  pressure.  Once  the  spec- 
imens were  fully  consolidated  under  the  effective 
confining  pressure,  the  drainage  valves  were  closed,  and 
the  desired  static  or  cyclic  loads  were  applied. 
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PART  111:  PRESENTATION  ANP  ANALYSIS  OF  RESULTS 


Cyclic  Triaxial  Teats 


Check  tests 

11.  In  order  to  determine  the  adequacy  of  the  cyclic  triaxial 
te3t  equipment  and  testing  procedures  used  in  this  investigation,  three 
cyclic  triaxial  tests  were  performed  on  Monterey  No.  0 sand,  and  the  re- 
sults of  these  tests  were  compared  with  the  results  of  the  cyclic  tri- 

r>  6 

axial  strength  of  a standard  test  sand  * (Monterey  No.  0).  The  sand, 
density,  effective  confining  pressure,  and  compaction  procedures  used 
in  these  tests  were  identical  to  those  used  to  determine  the  strength 
of  the  standard  test  sand. 

12.  The  results  of  these  tests  are  summarized  in  Table  3,  along 
with  the  results  of  all  cyclic  triaxial  tests,  and  are  compared  graphi- 
cally in  Figures  U and  5 with  the  results  of  the  cyclic  triaxial 

1 r> 

strength  of  a standard  test  sand.  ’ These  graphs  show  the  relation- 
ship between  the  cyclic  stress  ratio  (R)  and  t,he  number  of  cycles  of 
loading  required  to  cause  100  percent  pore  pressure  response  and  10  per- 
cent peak-to-peak  axial  strain.  The  cyclic  stress  (R)  is  defined  as: 


♦o  ^ = cyclic  deviator  stress,  psi 

= initial  effective  confining  pressure,  psi 

13.  As  shown  in  Figures  U and  5,  the  results  of  the  cheek  tests 
agree  very  well  with  the  results  of  the  cyclic  triaxial  strength  of  a 
standard  test  sand,  indicating  the  adequacy  of  the  test  equipment  and 
testing  procedures  used  in  this  investigation. 

Cyclic  triaxial  tests  on  four  sands 

lU.  Ti»e  results  of  cyclic  triaxial  te3ts  on  specimens  of  Reid- 
Bedford  Model,  Ottawa,  Platte  River,  mid  Standard  Concrete  sands  are 
presented  in  Table  3 and  are  shown  graphically  in  Figures  6-8.  These 
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0* 

0 

psi 

♦0 

— cd 

2o ' 

0 

N . ** 

lL 

N ** 

N ** 

♦5 

MO 

dB.ll* 

58.1 

0.95 

1 1* . 5 

0. 

10 

10 

ii* 

MO 

98.78 

61.9 

0.96 

1%.5 

0.395 

8 

10 

ii* 

MO 

98.91 

62.6 

0.98 

1%.5 

0.370 

9 

9 

11 

FR 

111*. 15 

61. 1 

0.9% 

1*0.0 

0.307 

1*0 

39 

—t 

PR 

111*. 22 

61.7 

>.9% 

1*0.0 

0.356 

22 

22 

—t 

PR 

111*. 63 

63.7 

0.9% 

1*0.0 

0. 1*1*1 

10 

10 

— t 

0 

102,00 

59.9 

0.98 

1*0.0 

0.322 

3 

3 

1* 

0 

101.79 

58.5 

0.98 

1*0.0 

0.232 

16 

16 

17 

0 

101.8B 

58.8 

0.97 

1*0.0 

0.261 

8 

8 

9 

0 

101.81 

58.6 

0.95 

1*0.0 

0.216 

25 

25 

26 

sc 

109.02 

62.9 

0.9% 

1*0.0 

0.358 

13 

13 

is 

sc 

108.95 

62.5 

0.97 

1*0.0 

0.1*ll* 

9 

9 

13 

sc 

108.99 

.7 

0.98 

1*0.0 

0.312 

20 

20 

21* 

RB 

98.97 

60 . i* 

0.97 

1*0.0 

0.1*01 

6 

6 

9 

RB 

98.1*8 

57.8 

0.98 

1*0.0 

0.367 

8 

8 

10 

RB 

99.03 

60.7 

0.98 

1*0.0 

0.336 

9 

9 

12 

RB 

99.05 

60.8 

0.96 

1*0.0 

0.301 

Ik 

ll* 

17 

RB 

99.19 

61.6 

0.9% 

1*0.0 

0.271 

1*5 

1*5 

1*8 

RB 

98.87 

59.9 

0.9l* 

1*0.0 

0.261 

1*7 

1*7 

1*8 

RB 

>8.58 

58.% 

0.99 

10.0 

0.1*02 

11 

12 

15 

RB 

>8.7% 

0.96 

10.0 

0.351 

21*7 

250 

253 

RB 

98.76 

59  . 3 

1.00 

10.0 

. 375 

1*8 

1*9 

52 

RB 

98.98 

60.6 

0.98 

10.0 

0.1*12 

11 

12 

15 

RB 
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59. ( 

. X 

10.0 

0. 1*1*1 

9 

11 

15 

RB 

98.78 

59.1* 

0.98 

10.0 

0.1*90 

7 

9 

13 

RB 

>8.91 

• . 

0.9l* 

20.0 

0.1.66 

6 

6 

8 

RB 

99.18 

6%. 2 

0.91* 

80.0 

0.23! 

22 

21 

23 

RB 

99. 16 

6%.  1 

,98 

80.0 

0.316 

5 

1* 

6 

RB 

99.21 

61*. i* 

0.93 

80.0 

O.Plli 

22 

20 

22 

RB 

99.2% 

6%.  6 

0.98 

80.0 

0.197 

1*5 

1*3 

1*6 

RB 

95.1*6 

1*1.3 

0.96 

10.0 

0.  310 

6 

6 

7 

RB 

95.05 

38.9 

0.96 

10.0 

0.282 

12 

12 

13 

RB 

95.08 

39.1 

0.95 

10.0 

0.21*6 

21* 

23 

21* 

RB 

95.13 

39.1* 

0.95 

1*0.0 

0.221 

11 

10 

11 

RB 

95.86 

1*3.5 

0.97 

1*0.0 

0.172 

71* 

71* 

75 

RB 

95.65 

1*2.3 

0.95 

1*0.0 

0.191 

55 

5% 

55 

RB 

95.16 

39.5 

0.97 

1*0.0 

0.209 

18 

17 

18 

RB 

95.!*0 

1*0.9 

0.96 

1*0.0 

0.275 

% 

3 

1* 

RB 

102.65 

79.1 

0.95 

10.0 

0. 1*1*8 

1*9 

60 

69 

RB 

102.61 

78.9 

0.9*» 

10.0 

0.1*86 

37 

1*2 

51 

RB+ 

99.27 

62.0 

0.96 

1*0.0 

0.123 







RB+t 

99.08 

61.0 

0.95 

1*0.0 

0.112 

— 

— 

— 

» MO  = 

Monterey  No. 

0;  PR  = 

Platte 

River;  0 = 

Ottawa;  SC 

= Standard 

Concrete; 

RB  = Reid-Bedford. 

»»  Njl  “ number  of  cycles  to  100  percent  pore  pressure  response;  N+2,5  * number  of 
cycles  to  5 percent  axial  strain  - penk-to-peak ; and  N+5  = numbeF  of  cycles  to 
10  percent  axial  strain  - peak-t.o-peak. 
t Sine  wave,  no  liquefaction  after  1*00  cycles, 
ft  Half-sine  wave,  no  liquefaction  after  700  cycles, 
t Specimen  necked  prior  to  +5  percent  strain. 
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Figure  U.  Comparison  curve  shoving  cyclic  stress  ratio  versus  number  of  cycles  to  initial 
liouefaction  (100  percent  pore  pressure  response)  (after  Silver  et  al^-  ) 
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Figure  5-  Comparison  curve  shoving  cyclic  stress  ratio  versus  number  of  cycles  to 
10  percent  double  amplitude  strain  (after  Silver  et  al1®) 
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Figure  6.  Cyclic  stress  ratio  required  to  cause  LOO  percent 
pore  pressure  response  for  four  sands  at  60  percent  relative 
density  and  itO-psi  confining  pressure 
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Figure  7.  Cyclic  stress  ratio  required  to  cause  5 percent 
double  amplitude  strain  for  four  sands  at  60  percent  rela- 
tive density  and  UO-psi  confining  pressure 
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Figure  8.  Cyclic  stress  ratio  required  to  cause  10  percent 
double  amplitude  strain  for  four  sands  at  60  percent  rela- 
tive density  and  l»0-psi  confining  pressure 

figures  are  for  specimens  compacted  to  60  percent  relative  density  and 
tested  under  an  isotropic  confining  pressure  of  ho  psi. 

15.  A n examination  of  the  grain-size  distribution  curves  in  Fig- 
ure 3 with  potential  to  achieve  100  percent  pore  pressure  response  in 
Figure  6 indicates  that  as  the  mean  grain  diameter  D,  ^ decreases,  the 
resistance  to  failure  also  decreases  with  Ottawa  sand  (P^  = 0.00  mn.' 
being  the  weakest,  and  Platte  River  sand  (P^  = 2.00  mm)  the  strongest. 
Similar  results  have  been  reported  by  Wong,  Seed,  and  Chan. ^ 1 Comparing 
uniformity  coefficients,  i.e.,  the  higher  the  uniformity  coefficient 
the  more  well  graded  the  sand  is  (see  Table  l),  suggests  similarly  that 
as  the  uniformity  coefficient  decreases,  so  does  the  resistance  to 
developing  100  percent  pore  pressure  response,  e.g.,  for  Ottawa  sand 

C = 1.6  , while  for  Platte  River  sand,  C = 5.3  . Both  these  obser- 
u u 

vations  support  the  general  conclusion  that  fine,  uniform  sands  are  the 
most  susceptible  to  developing  100  percent  pore  pressure  responses  in 

20 


17 

cyclic  triaxial  tests.  However,  Wong,  Seed,  and  Chan,  using  large 
diameter  tests,  have  reported  that  well-graded  cohesionless  soils 
tended  to  be  weaker  than  uniformity  graded  cohesionless  soils. 

Supplementary  tests 
on  Reid-Bedford  Model  sand 

16.  In  addition  to  the  cyclic  triaxial  tests  performed  on  Reid- 
Bedford  Model  sand,  which  were  discussed  in  the  previous  section,  sev- 
eral additional  tests  were  performed  on  this  same  sand  to  investigate 
the  effects  of  density  and  confining  pressure.  The  results  of  these 
tests  are  discussed  in  the  following  paragraphs. 

17.  Effects  of  density.  The  results  of  tests  performed  on  speci- 
mens remolded  to  relative  densities  of  Ho,  60,  and  80  percent  and  con- 
solidated to  10  psi  are  listed  in  Table  3 and  presented  in  Figures  9-11, 
which  show  the  relationship  between  the  cyclic  stress  ratio  and  the 
number  of  loading  cycles  required  to  cause  100  percent  pore  pressure,  5 
and  10  percent  peak-to-peak  (+2.5  to  +5  percent)  axial  strain.  These 
results  are  summarized  in  Figures  12  and  13,  which  show  the  relationship 
between  the  relative  density  of  the  specimens  and  the  cyclic  stress 
ratio  required  to  cause  100  percent  pore  pressure  response  and  10  per- 
cent peak-to-peak  axial  strain  in  10  cycles  of  loading.  Also  shown  in 
these  figures  are  summarized  results  of  tests  performed  at  a confining 
pressure  of  Ho  psi.  The  individual  test  results  for  this  confining 
pressure  are  shown  in  Figures  lH,  15,  and  l6. 

18.  As  shown  in  Figures  12  and  13,  regardless  of  confining  pres- 
sure, the  cyclic  stress  ratio  required  to  cause  100  percent  pore  pres- 
sure response  and  10  percent  peak-to-peak  (+5  percent)  axial  strain 
increases  with  increasing  relative  density,  and  the  relationship  is 
linear  up  to  a relative  density  of  at  least  60  percent  for  100  percent 
pore  pressure  response  and  up  to  approximately  ^5  percent  for  10  percent 
peak-to-peak  (+5  percent)  axial  strain.  Increasing  the  relative  density 
from  Ho  to  60  percent  causes  an  increase  in  the  cyclic  stress  ratio  re- 
quired to  cause  100  percent  pore  pressure  response  of  approximately 

50  percent,  independent  of  the  confining  pressure.  Similar  results 
have  been  obtained  by  others  (Seed  and  Lee,'1'^  DeAlba  et  al. ^ ) 
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NUMBER  OF  CYCl.  ES 

Figure  9.  Cyclic  stress  ratio  versus  number  of  cycles  t.o 
initial  liquefaction  for  specimens  of  He i d-Bedford  Model 
sand  remolded  to  three  different  densities 
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Figure  10.  Cyclic  stress  ratio  versus  number  of  cycles 
+C.5  percent  axial  strain  for  specimens  of  Reid-Bedford 
Model  sand  remolded  to  three  different  densities 
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Figure  11.  Cyclic  stress  ratio  versus  number  of  cycles  to 
+S  percent  axial  strain  for  specimens  of  Reid-Bedford  Model 
sand  remolded  to  three  different,  densit  ies 
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Figure  lit.  Cyclic  stress  ratio  versus  number  of  cycles  to  100  pet 
cent  pore  pressure  response  for  specimens  of  Reid-Red ford  Model  si 
remolded  to  1*0  percent  relative  density 
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Figure  15.  Cyclic  stress  ratio  versus  number  of  cycles  to  +2.5  per 
cent  axial  strain  for  specimens  of  Re Id-Bed ford  Model  sand  remolded 
to  1*0  percent  relative  density 


Figure  16.  Cyclic  stress  ratio  versus  number  of  cycles  to 

+5  percent  axial  strain  for  specimens  of  Reid-Bedford  Model 
sand  remolded  to  1*0  percent  relative  density 

10.  Fffects  of  confining  pressure.  The  results  of  tests  per- 
formed to  investigate  the  effects  of  the  initial  effective  confining 
pressure  on  the  cyclic  stress  ratio  required  to  cause  100  percent  pore 
pressure  response,  5 and  10  percent  0 and  5 percent)  peak-to-peak 

axial  strain  are  presented  in  Figures  17-10  and  summarized  in  Figures  .'0 
and  21,  Figures  20  and  21  summarize  the  effects  of  confining  pressure 
and  relative  density  by  expressing  the  relationship  between  the  initial 
effective  confining  pressure  and  the  cyclic  stress  ratio  required  to 
cause  100  percent  pore  pressure  response  and  10  percent  peak-to-peak 
axial  strain  in  10  loading  cycles. 

20.  Figures  20  and  21  show  that  without  respect  to  the  relative 
density,  the  cyclic  stress  ratio  required  to  cause  100  percent  pore  pres 
sure  response  and  10  percent  peak-to-peak  axial  strain  decreases  with  in 
creasing  Initial  effective  confining  pressure.  These  figures  also  show 
that,  the  relationship  is  linear  for  relative  densities  of  's'1  and  00  per- 
cent up  to  approximately  h 0 psi.  Increasing  the  confining  pressure  from 
10  to  1*0  psi  causes  a decrease  in  the  cyclic  stress  ratio  at  10  cycles 
of  loading,  ranging  from  27  to  lb  percent,  depending  on  the  relative  den 
ulty  and  failure  criteria  (100  percent  pore  pressure  response  or  10  per- 
cent  peak-to-peak  axial  strain).  Similar  results  have  been  reported." 
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Figure  17.  Effect  of  confining  pressure  on  cyclic  stress  ratio  and 
number  of  cycles  required  to  cause  100  percent  pore  pressure  re- 
sponse of  Reid-Bedford  Model  sand  at  60  percent  relative  density 
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Figure  18.  Effect  of  confining  pressure  on  cyclic  stress  ratio  and 
number  of  cycles  required  to  cause  5 percent  double  amplitude  strain 
for  Reid-Bedford  Model  sand  at  60  percent  relative  density 
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Figure  19.  Effect  of  confining  pressure  on  cyclic  stress 
ratio  and  number  of  cycles  required  to  cause  10  percent 
double  amplitude  strain  for  Reid-Bedford  Model  sand  at 
60  percent  relative  density 


Figure  20.  Cyclic  stress  ratio  at  10  cycles  for  100  percent 
pore  pressure  response  versus  confining  pressure 


Figure  21.  Cyclic  stress  ratio  at  10  cycles  l'or  +5  percent 
strain  versus  confining  pressure 

Relationship  between 
SFT  N-values  and  seis- 
mically  induced  ground  failure 

21.  In  Figure  1,  Seed^  has  suggested  the  use  of  a semiempirical 
procedure  for  estimating  the  seismically  induced  ground  failure,  due  to 
cyclic  stress  applications  of  level  ground  deposits.  This  design  chart 
requires  correcting  the  OPT  N-values  to  an  effective  overburden  pres- 
sure of  1 tsf  to  eliminate  obvious  increases  in  N-values  with  increas- 
ing overburden  pressure.  The  correction  is  accomplished  by  using  the 
relationship: 


ni  = cn 


where  C„  is  a correction  factor  either  based  upon  the  results  of  Gibbs 
™21  22 

and  Holtz  or  proposed  by  Peck  et  al.  Horizontal  shear  stresses  are 

induced  by  earthquake  shaking  to  cause  failure.  The  magnitude  of  these 

stresses  is  expressed  by  the  shear  ratio  t /o'  , in  which  x is 

ave  o ave 

the  cyclic  shear  stress  and  a ^ is  the  effective  overburden  pressure. 

For  cyclic  triaxial  tests,  this  is  equivalent  to  + os  /2o , . Exten- 

— dc  3c 

sion  of  the  field  data  base  used  to  develop  Figure  1 by  cyclic  tri- 
axial laboratory  tests  requires  correcting  the  laboratory  tests  by  a 


pH 


correction  factor  (C  ) to  account  Cor  differences  in  K conditions 

p r o 

and  other  factors. 

27.  Based  upon  the  Bureau  of  Reclamation  data,  feed  ' proposed 


= 1 - 1.25  log  -7 


(f) 


C„  = the  correction  factor 
N 

o'  = the  effective  overburden  pressure  where  penetration  resis- 
tance is  N , tsf 

o’  = 1 tsf 

22 

22.  Alternately,  Peck  et  al . ' * have  corrected  N-values  to  mi 
effective  overburden  pressure  of  1 tsf  using 


0.77  log 


■(f) 


where  F represents  the  effective  overburden  pressure  in  tons  per  square 
foot  for  P >_  0.25  tsf. 

23.  Similarily,  C^-values  for  correcting  stress  ratios  t/o'^ 

(equal  to  c^/2o^  ) from  laboratory  cyclic  triaxial  test  to  field 

values  are  a function  of  density  and  number  of  cycles. 

2U.  Castro’  recommended  a C -value  of  0.7  to  adjust  cyclic  tri- 

r to 

axial  test  conditions  to  field  conditions.  DeAlba  et  al . showed  that 

for  reducing  the  results  of  triaxial  tests  on  specimens  pluviated 

(rained)  through  the  air  onto  a shaking  table,  the  C -factor  result:-. 

r 

varied  between  0.66  and  0.6l  in  the  2-  to  30-cycle  range,  which  is  the 
range  of  interest  in  most  earthquake  analyses.  A reduction  of  10- 

15  percent  would  further  reduce  this  correction  factor  to  0.SQ-0.1  to 

23  3 

account  for  multidirectional  shaking.'  Hence,  Seed  recommended  that 
= 0.57  should  be  used  to  correct  laboratory  cyclic  triaxial  test, 
to  field  behavior. 

25.  For  discussion,  however.  Seed  also  emphasises  that  correc- 
tion factors  for  a variety  of  conditions  would  be  required  to  correct 


70 


large-scale  shaking  table  data  to  field  in  situ  conditions.  These 
various  conditions:  long-term  loading,  increased  pressure,  and  two- 
dimensional  shaking,  will  be  disturbed  to  some  degree  by  sampling. 

Hence,  a C^-value  of  1.3  would  be  required  to  align  shaking  table  data 
from  pluviated  specimens  with  in  situ  conditions.  If  one  then  attempted 
to  correct  cyclic  triaxial  data  to  field  data  via  a shaking  table  test, 
a of  0.63  *1.3  = 0.82  would  be  required. 

26.  Thus,  from  these  considerations,  a dilemma  exists  about  what 
Cjj  relationship  is  appropriate  and  what  value  of  is  required  for  using 
the  relationships  in  Figure  1,  since  all  the  data  are  plotted  against 
corrected  N-values  and  the  magnitudes  6 and  8.25  curves  have  been  extrap- 
olated using  corrected  shaking  table  data.  An  additional  quandary,  not 
discussed  here,  concerns  the  accuracy  of  the  stress  ratio  reported  for 
the  earthquakes  plotted  in  Figure  1. 

27.  Results  of  a laboratory  program  determining  the  penetration 

resistance  of  these  four  sands  under  overburden  pressures  of  10,  1*0, 

13  lh  2^i  25 

and  80  psi  have  been  presented  elsewhere;  ’ ’ ’ but  for  conven- 

ience they  are  reproduced  as  Figure  22.  To  account  for  densification 
due  to  applied  overburden  pressures,  the  relative  densities  presented 
are  "adjusted"  values.  Utilizing  this  data  and  Equation  1 by  inter- 
polating between  overburden  pressures  of  10  and  Uo  psi  for  N-values, 
C^-values  can  be  obtained  for  these  four  sands  (Appendix  B) . Accord- 
ingly, Figure  23  (reproduced  from  Reference  25)  plots  C^-values  versus 
effective  overburden  pressure  for  relative  densities  of  Uo,  60,  and 
80  percent.  Relationships  used  by  Seed  (Equation  2,  Reference  3)  and 
Peck  et  al.  (Equation  3,  Reference  22)  are  also  presented.  These  re- 
sults conclusively  demonstrate  that  is  not  a function  of  overburden 
pressure  only,  but  also  of  soil  type,  relative  density,  and,  possibly, 
other  unknown  variables. 

28.  Figure  2h  compares  the  cyclic  stress  ratio  required  to  cause 
100  percent  pore  pressure  response  in  15  cycles  for  cyclic  triaxial 
specimens  prepared  by  moist  tamping  with  lower  bound  magnitude  7.5 
field  earthquake  responses.  (Seed  et  al/*  have  suggested  that  mag- 
nitudes 6,  7-5,  and  8.25  earthquakes  are  represented  by  5-6,  15,  and 
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- 22.  COKparlson  of  Platte  River , standard  Concrete,  Reid-Bedford  Model 

Ottawa  sand  data  (after  Bieganousky  and  Marcusonl^) 


LOWER  BOUND  FIELD 
SITES  IREF  31 


BLOWS/FT 


Figure  2h.  Correction  factors  for  cyclic  triaxial 
tests  on  moist,  tamped  specimens  for  100  percent 
pore  pressure  response  in  15  cycles 


25  uniform  cycles,  respectively.  This  comparison  shows  that  for  N-values 

between  5 and  20  blows/ft  the  C -value  ranges  from  0.63  to  0.50.  Fig- 

r 19 

ure  25  is  based  upon  shaking  table  test  results  corrected  by  a factor 
of  1.3  to  obtain  estimated  field  response  for  magnitudes  6 and  8.25 
earthquakes.  The  figure  presents  C^-values  corresponding  to  these 
earthquake  magnitudes  for  moist  tamped  cyclic  triaxial  specimens.  These 
comparisons  show  C^-values  ranging  from  0.1*1  to  0.1*3  for  magnitude  6 
earthquakes  and  0.52-0.66  for  magnitude  8.25  earthquakes. 

29«  It  must  be  emphasized  that  these  comparisons  are  based  upon 
isotropically  consolidated  cyclic  triaxial  specimens  prepared  by  moist 
tamping.  Obviously,  other  methods  of  specimen  preparation  would  produce 
different  C -values.  For  example,  verification  of  the  C -values  in 


Figure  25.  Correction  factors  for  cyclic  triaxial 
tests  on  moist-tamped  specimens  for  magnitudes  6 
and  8.25  earthquakes 

Figures  23  and  2b  via  correlations  would  produce  the  following  results: 


Correction  factor  - shaking  table  on  pluviated 

specimens  to  field  x 1.3  (3) 

Correction  factor  - cyclic  triaxial  tests  plu- 
viated to  shaking  table  pluviated  x 0.63  (19) 

Correction  factor  - cyclic  triaxial  moist  tamped 

to  cyclic  triaxial  pluviated  x 0.60  (20) 

Therefore,  cyclic  triaxial  moist  tamped 

to  field  x 0.1*9 


Hence,  C could  be  estimated  to  be  0.1*9  based  upon  correlations  published 
for  Monterey  No.  0 sand,  compared  with  a range  of  0.63-0.50  presented  in 
Figure  23.  This  difference  is  probably  due  to  the  difficulties  in  com- 
paring four  sands  with  different  densities  and  confining  pressures  than 
those  used  to  establish  the  correlations  for  Monterey  No.  0 sand. 

31* 


30.  Table  U lists  both  actual  and  corrected  (C  = 0.57)  values 

r 

of  stress  ratio  required  to  cause  liquefaction  in  5-6,  15,  or  25  cycles, 

as  well  as  actual  and  corrected  N-values  which  correspond  to  the  cyclic 

triaxial  conditions.  A comparison  of  the  corrected  SPT  N-values  shows 

that  a reasonable  agreement  exists  between  Equations  2 and  3 and  the 

actual  data  (listed  as  column  15),  with  Equation  3 being  slightly  better 
, 1* 

(C^-values  presented  by  Seed  appear  to  be  an  average  of  C^-values 
presented  in  Figure  23.)  Figure  26  compares  corrected  cyclic  triaxial 


5 CYCLES  « M = 6 
15  CYCLES  = M = 7.50 
25  CYCLES  *=  M = 8.25 
(FROM  REF  26) 
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Figure  26.  Comparison  of  laboratory  SPT 
and  cyclic  triaxial  tests  with  field  re- 
sponse (C  from  Figure  23,  C =0.57) 


gation  with  the  lower  bounds  suggested  by  Seed  in  Figure  1.  As  seen  up 
to  N-values  of  20  blows/ft,  the  agreement  is  excellent  for  magnitudes  6 
7*5,  and  8.5  or  8.25  percent  earthquakes.  However,  this  agreement  is 


probably  fortuitous,  considering  that  the  cyclic  triaxial 
prepared  by  moist  tamping  and  a C^- value  of  0.57  probably 
produced  quite  different  results  had  a different  specimen 


specimens  were 
would  have 
preparation 


procedure  been  used. 


Monotonic  K Tests 

31.  Complementary  monotonic  R tests  on  only  Reid-Bedford  Model 
sands  were  conducted  at  identical  confining  pressures  as  the  cyclic 
triaxial  and  MPT  tests,  i.e.,  10,  Uo , and  80  psi.  The  results  of 
these  Id  tests  are  listed  in  Table  5 and  presented  in  Figure  FT.  Con- 
sidering the  response  of  specimen  HR. '5-80-1.',  the  listed  void  ratio 
after  consolidation  e>  is  too  low  and  is  probably  closer  to  0.780 
than  0.765,  as  shown,  based  upon  specimen  RBF0-80-10 ' s response. 

31'.  The  deviator  stress  and  pore  pressure  response  versus  axial 
strain  curves,  as  well  as  the  q = - o^/i?  versus  p = j + <J^/2 

effective  stress  paths  for  these  R tests,  are  contained  in  Figures  R-l 
through  R-10  in  Appendix  B. 

Criteria  of  desig- 
nating specimen  response 

33.  Column  5 of  Table  5 lists  the  specimen  response  during  shear, 
in  thin  instance,  L refers  to  liquefaction,  D refers  to  dilation,  and 
Li.  refers,  to  an  intermediate  response  between  I.  and  P,  previously  termed 
limited  liquefaction."  Differentiation  between  1.  and  I, I.  response  is 
based  primarily  on  the  stiape  of  the  stress  paths,  in  the  cane  of  lique- 
faction, the  stress,  path  always  travels  down  the  « line  toward  the 
origin;  while  in  the  case  of  a limited  liquefaction,  the  stress  path 
begins  to  travel  down  the  u line  but  then  reverses  itself  and  travels 
up  the  a line,  ns.  exhibited  by  dilative  specimens. 

lit.  The  effective  angle  of  internal  friction  it>’  can  be  ob- 
tained from  tiie  slope  of  the  a line  in  the  p-q  plots  (b.  portion  of 
figures  in  Appendix  1')  and  the  relationship  s.in  t = tan  « . For  all 
these  13  tests.,  regardless  of  specimen  response,  7'  at  failure  ranged 
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figure  i . Critical  void  ratio  oik!  L Lines  Tor 
Reid-Hedford  Model  sand 


<*> 


between  .’8.1*  find  38. ‘>  with  an  average  value  of  29.6  deg.  'Die  e line, 

or  critical  void  ratio  curve,  is  the  relationship  between  the  effective 

confining  pressure  at  failure  (o  ),  column  0,  Table  r> , and  the  void 

2 ** 

ratio  after  consolidation'  and  is  only  for  cases  in  which  liquefaction 
occurred,  not  for  oases  of  dilutant,  behavior.  The  arrows  indicate,  for 
cases  in  which  liquefaction  occurred,  ttie  manner  in  which  the  effective 
minor  principal  stress  will  decrease  continously  to  a value  designated 
by  tiie  e;.  line.  The  liquefaction  susceptibility  of  in  situ  conditions 
can  be  assessed  by  the  distance  from  the  Cj.  curve  to  the  relative  den- 
sity and  in  situ  stress  conditions.  The  distance  from  the  e . curve 
to  a point  representing  an  in  situ  stress  condition  and  relative  den- 
sity is  a measure  of  the  liquefaction  susceptibility  of  a given  sand. 
Kft'eet  of  LVDT  e lamps 

tr'.  Several  duplicative  tests  were  performed  to  evaluate  the  ef- 
fect of  tiie  I.VDT  clamps  on  specimen  response,  using  specimen  RB80-l*0-8 
versus  RB20-U0-1'  and  RB30-U0-U  versus  RB  30-1*0-6.  Figure  87  shows  that 
specimens.  RBOO-Uo-8,  RROO-UO-3,  and  RB80-l*0-r’  plot  practically  as  a 
single  point,  while  RR30-!*0-l*  and  RB30-UO-6  also  agree.  Hence,  from 
ttiese  tests  it  was  concluded  that  the  LVDT  cliuiips  plus  the  load-rebound 
consolidation  cycle  produce  negligible  effects.  However,  during  test 
RR20-hO-‘>,  in  which  two  LVDT  clamps  were  used,  it  was  observed  that  the 
two  e lamps  tended  to  support  Lite  specimen  iuid  to  restrict  large  defor- 
mations- w i tli  the  onset  of  liquefaction.  As  a result,  subsequent  tests 
were  performed  using  only  one  LVDT  clamp  located  at  midheight  on  the 
spec imen . 

He lat ionshlp  between 
DPT  N- values  and  mono- 
tonie  K triaxial  tests 

h>.  Figure  28  presents  tiie  relationship  between  DPT  N-values  and 
overburden  (confining)  pressure  separating  liquefaction  and  dilative  be- 
havior for  two  sands.  To  extend  tiie  data  base,  monotonic  R data  on 

O 

Ottawa  banding  sand  from  Castro'  are  also  included  with  the  Reid-Rcdford 
Model  sand.  Roth  sands  are  quite  similar  in  grain-size  distribution, 
and  it  is  believed  that.  FIT  data  on  Reid-Redford  Model  sand  and  Ottawa 
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Figure*  Relationship  between  liquefaction  susceptibility 

under  monotonic  loading  and  HIT  N-values  for  Banding  Band*' 
and  Reid-Bedford  Model  sand 
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i'iitui  contained  in  Kct'orenoe  1 ' an*  appropriate. 

3T.  The  N-values  corresponding  to  the  monotonic  K test::  can  he  ob- 
t nincd  from  data  in  Figure  or  from  (ho  correlation  equation:;  in 
Reference  1 >:  N = ♦ O.?(o^)  * 0.00U6(I\)’  for  Reid-Redford  Model 

:;:md  and  N * + 0..'3(ov)  «■  O.OOUS(p  )'  for  Keid-Bed ford  Model  -.find 

and  Pt  lava  sand,  ihese  valuer-  are  listed  in  Tab  1 e s b and  . Inasmueb  a: 
some  deviation  exist:;  using  tliese  equations  to  estimate  N-values  for 
specific  test  conditions  and  negative  N-values  can  be  calculated  when 
dealing  with  low  1^-  and  o -values,  caution  is  advised  using  the 
relationship  in  Figure  .'8. 

tB.  Several  assumptions  were  required  to  adapt  fastro’s'  data  for 
figure  .o.  bpec i f ical  1 y it  vas  a:  n aimed  that  Ottawa  banding  sand  was  com- 
parable to  Ottawa  sand,  and  that  OPT  relationships  derived  for  Ottawa 
sand  were  compatible.  In  addition,  since  procedures-  by  Oast ro  to  deter- 
mine P^-values  are  not  comparable  tv'  those  of  KM  UlP-.'-bhV,  his  values 
were  adjusted  using  P comparison;;  from  Reference  11.  ’despite  these 
assumptions,  the  results  presented  in  Figure  PS  are  in  good  agreement  and 
can  be  used  as  a first  approximat ion  for  estimating  1 iquefact ion  response 


Pomparison  between  Ovelic  and  Mv'iiot.'iiic  frlaxial  [ei  t! 

An  examination  of  the  confining  pressures,  o,  . and  cor- 

>v' 

responding  BIT  N-values  in  Table  1 for  cyclic  triaxial  tests  v'n  He id- 
bed  ford  Model  sand  reveals  that  iUl  these  test  conditions  are  in  the 
dilative  /.'tie  of  Figure  PS.  That  is  tv'  say,  cyclic  triaxial  tests  pro- 
duce 100  percent  pore  pressure  responses  in  dilative  sands.  This  state- 
ment prompt s the  question:  Pan  liquefaction  occur  in  dilative  sands  in 
the  field’.'  Considering  that  the  relative  densities  required  to  produce 
liquefaction  in  monotonic  tests  (generally  less  than  percent)  are 
muv'h  lower  than  relative  density  values  encountered  in  natural  deposits, 
it  would  appear  to  be  possible  for  1 Iquefact ion  tv'  occur  in  field  de- 
posits denser  than  the  critical  density.  Furthermore,  a case  may  be 
made  that  since  most  of  the  ^-values  presented  by  Seed'  in  Figure  1 
for  field  liquefaction  range  between  IP  and  IP  Mows,  and  if  the  rela- 
tionship in  Figure  PS  is  approximate  for  these  field  cases,  then 
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Table  7 


Estimated  SFT  N-Values  for  Castro 's*- 
— Corrected 


Test  No. 

kfi/cm" 

rc 

% 

rc 

% 

13-3 

0.3 

29 

17.5 

13-4 

0.3 

41 

28 

1-!* 

1 

37 

22 

1-4 

1 

43 

29 

4-7 

4 

46 

31 

4-8 

4 

47 

32 

10-5 

10 

49 

34 

10-6 

10 

53 

4o 

* N = -6.5  + 0.23(o  ) + 0.00U5(D  )2  , 
Reference  13. 
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where  o 


SPT 

N* 

Failure 

-4.l4 

LL 

-1.99 

D 

-1.05 

LL 

0.56 

D 

10.91 

LL 

11.2 

D 

31.4 

LL 

33.41 

D 

is  in  psi  from 


liquefaction  will  occur  in  deposits  denser  than  critical.  Conversely 

27 

(and  probably  more  correctly),  Casagrande'  points  out  that 

in  nature,  liquefaction  will  normally  start  in  a 
lens  of  particularly  loose  sand;  and  from  such  a nu- 
cleus it  may  spread  by  a chain  reaction  also  into 
somewhat  denser  sand  layers. .. .Flow  will  continue 
until  the  driving  forces  are  reduced  to  the  small 
shearing  resistance  of  the  sand  in  its  flow  state, 
then  dilation  will  cause  the  liquefied  mass  to 
'freeze'  again  into  a solid  structure,  accompanied 
by  a great  reduction  in  pore  pressures,  and  the  mass 
then  stops  flowing. 

From  this  viewpoint  it  is  most  likely  that  sand  lenses  looser  than  crit 
ical  existed  in  the  field  deposits  presented  in  Figure  1 and  were  the 
nucleus  for  the  liquefaction  observed.  Such  lenses  could  easily  have 
gone  undetected  in  the  field  investigations  or  could  have  been  averaged 
out  in  summarizing  the  data. 

1 27 

UO.  It  has  been  hypothesized  ’ that  in  cyclic  laboratory  tests 

the  cyclic  softening  that  occurs  in  dilative  sands  is  the  result  of  den 

sity  redistributions.  Portions  of  a dense  specimen  expand  to  a loose 

state,  flow  briefly,  and  revert  by  dilation  to  a solid  structure  which 

can  momentarily  carry  the  load  before  the  following  cycle.  This  re- 

27 

sponse  has  been  termed  "liquefaction-dilation"  by  Casagrande. 

Ul.  Figure  29  presents  the  load,  deformation,  and  pore  pressure 
responses  for  specimen  RB6O-8O-I  (Reid-Bedford  Model  sand  at  60  percent 
and  = 80  psi)  which  was  tested  at  a stress  ratio  of  0.235.  A 
careful  examination  of  the  pore  pressure  trace  reveals  that  for  cycles 
1-17,  a uniform  sinusoidal  response  occurs,  with  the  pore  pressures 
steadily  increasing.  However,  for  cycles  17-21  the  pattern  becomes 
rectangular,  with  pronounced  "spikes"  occurring  at  instances  of  zero 
shear  stress;  i.e.,  instant  of  stress  reversal  when  passing  from  com- 
pression to  extension  or  visa  versa.  Between  these  "spikes"  in  cycles 
17-21  a plateau  is  observed  which  corresponds  with  application  of  the 
full  compressive  or  extension  axial  stress,  under  which  the  specimen 
dilates.  This  pattern  corresponds  to  a "liquefaction-dilation"  respons 
with  liquefaction  occurring  at  the  instant  of  stress  reversal  when  the 


1*3.  Figure  30  presents  the  corresponding  effective  stress  path 
followed  during  cyclic  triaxial  test  RBb0-80-l,  for  which  the  data  are 
Listed  in  fable  8.  This  figure  shove  that  failuri  of  the  specimen  is 
caused  by  the  stress  path  marciiing  progressively  leftward  toward  the 
origin  until  the  extension  failure  envelope  is  reached  on  cycle  17 
:•  Lnt  A).  Then , the  compression  failure  envelope  is  reached  on  cycle 
21  (point  B).  After  cycle  21  the  effective  stress  is  zero  when  the 
shear  stress  is  zero,  i.e.,  the  origin  and  the  stress  path  cycles  from 
point  A to  origin  to  B and  back. 

•'*1*.  The  path  followed  from  cycle  1-2  clearly  shows  the  process  by 
which  positive  pore  pressures  are  generated  in  a dilative  sand  by  cyclic 
testing.  In  compressional  loading  on  this  cycle,  a dilative  response  is 
observed  with  l*-psi  negative  pore  pressure  induced  at  the  end  of  the 
first  half  of  the  cycle.  Because  of  the  difference  in  specimen  stiff- 
ness in  compression  and  extension,  however,  the  extension  stress  is  ap- 
plied, and  a positive  pore  pressure  of  8 psi  results,  producing  a net 
positive  pore  pressure  increase  of  U psi  for  this  cycle.  This  pattern 
persists  until  cycle  19,  in  which  no  induced  negative  pore  pressures  are 
generated  on  the  compressive  stroke,  and  positive  pressures  are  gener- 
ated in  both  compression  and  extension. 

1*5.  From  these  considerations  it  appears  that  effective  stress 
parameters  are  valid  for  design  considerations.  The  amount  of  redis- 
tribution occurring  within  cyclic  triaxial  specimens  depends  upon  the 
relative  density,  the  cyclic  deviator  stress,  and  consolidation  stress 
applied  in  the  test.  For  the  specific  case  in  Figure  30,  redistribu- 
tion becomes  significant  in  cycle  17  and  increases  with  each  successive 
cycle  until  initial  liquefaction  is  reached  on  cycle  22. 

1*6.  Figure  31  presents  the  effective  compressive  stress  envelope 
at  100  percent  pore  pressure  response  (initial  liquefaction)  for  all  the 
cyclic  triaxial  tests  conducted  on  Reid-Bedford  Model  sand.  These  re- 
sults were  obtained  by  using  the  plateau  as  the  pore  pressure  response 
(o-^J  for  computing  the  effective  confining  stress  and  + o,^/2  . 

This  for  the  plateau  is  not  valid  for  deriving  an  e,  as  presented 

in  Figure  27,  as  this  o f corresponds  to  the  point  at  which  the 
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Figure  30.  Fffec 


specimen  dilates  to  carry  the  load,  and  the  e^  line  presents  condi- 
tions of  liquefaction  for  the  point  at  which  the  flow  structure  is 
developed.  Table  9 tabulates  the  data  for  Figure  31.  The  effective 
friction  angle  d> ' for  all  these  tests  is  35.0  deg,  as  compared  with 
the  29.6  deg  observed  for  the  monotonic  tests.  This  difference  is  due 
to  the  higher  densities  of  the  cyclic  ests. 

1*7.  It  is  apparent  that  for  initial  liquefaction  to  occur  in 
cyclic  triaxial  tests  on  dense  sands,  two  criteria  must  be  satisfied: 

a.  A stress  reversal  through  the  hydrostatic  condition 
must  occur. 

b.  A sufficient  number  of  cycles  must  be  applied. 

Although  interpretation  of  the  number  of  cycles  applied  during  an 
earthquake  has  been  successfully  applied  using  the  concept  of  an  equiv- 

OQ 

alent  number  of  cycles, L the  stress  path  during  an  earthquake  is  quite 
different  from  that  followed  in  the  cyclic  triaxial  test;  and  a stress 
reversal  through  the  hydrostatic  condition  may  never  occur. 


Material  Character ization  for  Klastic-PI astic  Constitutive  Model 


1*8.  As  part  of  the  monotonic  R triaxial  tests,  an  isotropic  com- 
pression (consolidation)  load-rebound  (ICL-R).  reconsolidation  loop  was 
performed  on  specimens  RB20-l*0-5,  RB30-UO-6,  RB20-80-10,  RB15-80-11,  aid 
RB25-80-12,  as  listed  in  Table  5.  Radial  measurements  by  LVDT  clamps 
were  made  throughout  these  tests.  The  objective  of  using  this  isotro- 
pic compression  loop  was  to  obtain  material  constants  to  evaluate  an 

elastic-plastic,  work-hardening  model  for  fluid-saturated  granular 
12 

materials.  Characterization  of  this  elastic-plastic  constitutive 
relationship  requires  the  evaluation  of:  four  material  constants,  K.  , 
Kq  , K'  and  K'  , from  the  ICL-R  portion  of  the  tests;  the  elastic 
shear  modulus  G ; the  slope  of  the  failure  envelope  M , as  shown  in 
Figure  32. 

ICL-R  tests 

!i(>.  The  pressure  volumetric  strain  relationships  for  the  five 
ICL-R  tests  arc  presented  in  Figures  33-37-  Shown  in  these  figures  are 
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WHERE  FOR  | X | CON  DITIONS: 
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= — ( a 2 ♦ 2 C r 2 1 
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and  j',  = + 2a3 

Figure  32.  Definition  of  material  constants  for 
elastic-plastic  constitutive  equation 
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with  liquefaction  occurring 


at  the  instant  of  stress  re 


1*5 


volumetric  strains  calculated  from:  (a)  measurements  of  axial  and  radial 
deformations,  where  Av/v  = + 2e  , ; (b)  burette  measurements  of  water 

leaving  and  entering  the  specimen,  Av  burette/Vol  of  specimen  ; and  (c) 
the  assumption  that  the  specimens  are  isotropic,  in  which  case,  = e, 
and  Av/v  = 3c  j . A comparison  between  the  volumetric  strains  deter- 
mined measurement  of  the  specimen  dimensions  (Method  a)  and  those  deter- 
mined by  burette  measurements  (Method  b)  shows  the  obvious  effects  of 
membrane  penetration.  Table  10  summarizes  membrane  penetration  and 
lists  values  of  S , which  is  the  membrane  penetration  in  cc  per  unit 

2 29 

area  of  specimen  covered  by  the  membrane,  per  unit  of  pressure,  kg/cm"." 

The  range  of  0-values  for  loading  0.003-0. 005  agree  quite  well  witli 
29 

Frydman  et  al.  value  of  0.00U,  based  upon  a relationship  between  Pr^ 
and  S . However,  upon  unloading,  the  S-values  listed  are  quite  low. 
Conceivably,  membrane  penetration  values  would  be  independent  of  loading 
path  and  dependent  primarily  on  pressure;  hence,  the  magnitude  of  mem- 
brane penetration  measured  by  this  technique  may  be  questioned.  The 
S-values  listed  are  relatively  insensitive  to  for  the  ranges  of 

values  tested. 

50.  An  assumption  of  isotropy  for  estimating  volume  change 
(Method  a versus  Method  c)  typically  underestimates  the  amount  of  volume 
change  for  these  five  specimens.  However,  the  error  in  assuming  isot- 
ropy is  about  equal  to  that  induced  into  burette  measurements  by  mem- 
brane penetration.  Hence,  this  method  of  calculating  volume  changes  is 
reasonably  accurate  for  these  test  conditions. 

Material  constants 

51.  Table  11  lists  the  material  constants  experimentally  deter- 
mined for  evaluating  the  elastic-plastic  constitutive  relationship. ^ 

Tlie  values,  , K'  , K'  and  K!  , were  determined  from  the  data 
presented  in  Figures  33-37.  The  '-values  are  the  same  as  those 
listed  in  Table  6,  with  a calculated  as  a = 2 sin  ' / ( 3 - sin  (j>')/T"  . 
Figure  38  presents  the  undrained  deviation  stress  versus  deviation 
strain  relationship  during  loading.  Since  the  elastic-plastic  model 
requires  drained  constants,  1 '-values  were  estimated  from  t lie  relation- 
ship, G'  = 3K  (1  - 2v')/2(l  + v'),  with  v' 


est imated  from 


Table  10 

of  Volumetric  strain:-'  and  Moral*  ram*  Penetration  for  h-otrori^’ 
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V1  = Kq/1  + K , where  K = 1 - sin  $ ' . For  comparison,  G' -values  for 

Reid-Bedford  Model  sand  at  25  percent  were  calculated  from  data 

contained  in  Reference  31  and  the  relationship.  O'  = D(l  - 2v')/ 

2(l  - v')  , where  D is  the  constrained  modulus  in  K tests  during 

0 2 

unloading.  G ' -values  calculated  from  this  data,  P 51  27**3  kg/cm"  and 
v'  * O.I4-O.5  , were  566-155  kg/cm  , which  I ra  lati  . e 11. 

The  undrained  parameters,  E and  v , from  the  3 iad5ng  portions  of  the 
tests  are  also  listed.  these  are  from  the  loading  portions 

the  tests,  the  parameters  are  not  truly  elastic  constants  as.  plastic 
deformations  are  included. 

Predicted  versus,  observe  i results 

The  actual  model  parameters  used  to  compart  • It  wit) 

experimental  results  of  tests  RB20-40-5  and  RB20-80-10  are  listed  in 
Table  12.  A comparison  of  experimental  values,  in  Table  11  and  assumed 
values  in  Table  12  shows  that  fairly  good  agreement  exists  between  the 
two  tables,  except  that  experimental  K , -valuer  are  lower  than  assumed 
values.  The  parameter  R , which  is  the  ratio  of  the  major  to  minor 
axis  of  the  elliptical  yield  surface,  must  tie  assumed  with  contractive 
materials  having  R-values  > 1/a  and  dilative  materials  having 

R-values  < l/a  . The  two  parameters  having  the  greatest  effect  on  the 

30 

stress-strain  pore  pressure  response  are  R and  a . 

53.  Figures  39-1*2  compare  behavior  predicted  by  the  model  with 
actual  test  conditions  for  specimens  RBI 0-1*0- 5 and  RB20-80-10.  From 
these  figures  it  is  observed  that  the  constitutive  model  can  qualita- 
tively simulate  the  stress-strain  pore  pressure  response  of  a contrac- 

. . .30 

tive  sand. 

Table  12 
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Table  12  (Concluded) 

Test  Series  1 

Mut  eriul  Constants 

Relative  Density 

CO  percent 

p 

G ktf/cm‘ 

250.0 

a 

0.2309 

R 

It.  33 
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0.300 

Figure  42.  Comparison  of  experimental  excess  pore  water  pressure 
ersus  axial  strain  relations  with  model  behavior  under  undrained 
tnaxial  test  condition  for  tests  RB20-1»0-«S  and  RbS-sSSo 


PART  IV:  CONCLUSIONS  AND  RECOMMENDED  RESEARCH 


Conclusions 


5U.  Based  upon  the  materials  tested,  methods  and  equipment  em- 
ployed, and  information  in  pertinent  literature,  the  following  conclu- 
sions are  drawn  concerning  the  liquefaction  behavior  of  reconstituted 
sands  under  cyclic  and  monotonic  loadings: 

si.  Cyclic  triaxial  loadings. 

(1)  For  the  four  sands  tested,  as  the  mean  grain  diam- 
eter D50  and  uniformity  coefficient  Cu  de- 
crease, so  does  the  resistance  to  100  percent  pore 
pressure  response.  This  supports  the  familiar  con- 
cept that  fine  uniform  sands  are  most  susceptible  to 
liquefaction. 

(2)  For  Reid-Bedford  Model  sand,  a linear  increase  in 
cyclic  stress  ratio  required  to  cause  100  percent 
pore  pressure  response  or  deformation  exists  for 
increasing  Dr-values  to  approximately  60  percent. 
However,  the  slope  of  this  relationship  depends  upon 
confining  pressure.  This  supports  the  concept  that 
test  results  on  specimens  of  different  densities  can 
be  corrected  to  a common  density  for  comparison. 

(3)  For  Reid-Bedford  Model  sand,  the  cyclic  stress  ratio 
required  to  cause  100  percent  pore  pressure  response 
or  deformation  decreases  with  increasing  effective 
confining  pressure.  An  increase  in  confining  pres- 
sure from  10-1*0  psi  decreased  the  cyclic  stress  ratio 
for  10  percent  double  amplitude  strain  27-36  percent, 
depending  upon  the  . 

b_.  Relationship  between  SPT  N-values  and  earthquake  lique- 
faction potential. 

(1)  Values  of  Cu  for  correcting  SPT  N-values  to  an  ef- 
fective overburden  pressure  of  1 tsf  vary  with  rela- 
tive density,  sand  type,  overburden  pressure,  and 
possibly  additional  variables.  Nevertheless,  the 
values  presented  in  Figure  23  or  Equation  3 can  be 
used  as  first  approximation  guides  for  obtaining 
C^-values . 

(2)  Values  of  Cr  for  correcting  isotropically  consoli- 
dated cyclic  triaxial  test  results  to  estimated 
field  earthquake  responses  of  level  ground  deposits 
vary  with  Nq-values,  which  are  a function  of 
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confining  pressure  and  relative  density,  and  with 
earthquake  magnitude,  which  is  a function  of  number 
of  cycles.  In  this  context,  for  the  four  sand:-, 
tested,  Cr-values  vary  from  O.Ul-O.63  for  specimens 
prepared  by  moist  tamping. 

(3)  For  cyclic  triaxial  specimens  prepared  by  moist 
tamping  procedures  and  having  a Cr-value  of  0.‘>7, 
coupled  witli  the  Cn-values  in  Figure  23,  reasonable 
agreement  with  published,  lower  bound  field  earth- 
quake response  is  obtained  for  Nq -values  up  to 
20  blows/ft. 

Monotonic  R tests  on  Reid-Bedford  Model  sand. 

(1)  A critical  void  ratio  curve,  ef  , as  suggested  by 
Castro,-'  can  be  fitted  to  the  test  results  in  which 
1 iquefact ion  occurred, 

(.')  The  use  of  an  LVDT  clamp  to  measure  radial  deforma- 
tions does  not  inhibit  specimen  response. 

(3)  A relationship,  presented  in  Figure  28,  was  derived 
for  the  critical  void  ratio  in  terms  of  SIT  N -values. 
This  relationship  permits  assessment  of  liquefaction 
potential  under  monotonic  loads. 

Comparison  between  cyclic  and  monotonic  R tests. 

(1)  Cyclic  triaxial  tests  can  produce  100  percent  pore 
pressure  response  and  accompanying  deformations  on 
specimens  denser  than  critical,  i.e.,  dilative  sands. 
However,  this  is  attributed  to  density  redistribu- 
tions occurring  within  the  specimen.  1 «•' 

(2)  A close  examination  of  the  cyclic  triaxial  pore 
pressure  responses  reveals  that  a "liquefaction 
dilation"  pattern  develops,  with  momentary  lique- 
faction occurring  at  the  instant  of  stress  reversal 
(zero  shear  stress)  and  dilation  occurring  when  the 
full  axial  stress  is  applied. 

( I)  The  effective  stress  path  of  cyclic  tests,  reveals 
that  eompressional  loading  causes  induced  negative 
pore  pressures,  hut.  extension  loading  results  in 
greater  positive  pore  pressures,  causing  a net  posi- 
tive pore  pressure  and  leftward  marching  of  the 
stress  path  toward  the  origin.  Hence,  for  100  per- 
cent pore  pressure  to  occur  in  dense  sands,  two 
criteria  must  he  satisfied: 

(a)  A stress  reversal  through  t.ho  hydrostat ie  con- 
dition must  occur . 

(b)  A ufficient  number  of  cycles  must  ho  applied. 


(M  Failure  occurs  during  the  extension  portion  of  load- 
ing for  cyclic  triaxial  tests  when  the  effective 
stress  envelope  is  reached.  After  this,  because  the 
specimen  is  stronger  in  compression,  several  more 
cycles  must  be  applied  before  achieving  100  percent 
pore  pressure  response.  At  100  percent  pore  pressure 
response,  the  stress  path  moves  up  and  down  the  com- 
pression and  extension  envelopes,  passing  through 
the  origin  at  each  instant  of  100  percent  pore  pres- 
sure response. 

(5)  Failures  in  cyclic  and  monotonic  tests  occur  at  the 
same  effective  stress  parameters  (conditions).  The 
radical  difference  between  the  two  tests  is  the 
stress  path  followed  to  achieve  these  conditions. 
Nevertheless,  the  effective  stress  parameters  are 
applicable  to  both  types  of  tests. 

e_.  Material  characterization  for  the  elastic-plastic  con- 
stitutive model. 

(1)  Membrane  penetration  in  isotropic  compression  tests 

can  be  estimated  from  Frydman's29  relationship,  using 
mean  grain  diameter  = For  reconstituted  speci- 

mens of  Reid-Bedford  Model  sand  an  assumption  of 
isotropy,  ep  = €3  , for  estimating  volumetric 
strains  is  about  as  accurate  as  calculating  volu- 
metric strains  from  burette  measurements  because  of 
membrane  penetration  affecting  burette  volumes. 

(2)  The  stress-strain  pore  pressure  response  of  contrac- 
tive sand  can  he  accurately  predicted  by  the  elastic- 
plastic  constitutive  model. 3o 


Recommended  Research 


55.  A series  of  monotonic  R tests  should  be  performed  on  the 
Standard  Concrete  and  Platte  River  sands  to  develop  a relationship  be- 
tween SPT  N-values  and  critical  void  ratios  similar  to  Figure  28. 

In  addition,  the  tests  should  he  performed  to  gain  input  parameters  for 
the  elastic-plastic  constitutive  model.  ^ 

56.  A series  of  cyclic  triaxial  tests  should  be  performed  with 
LVDT  clumps  strategically  located  to  monitor  axial  and  radial  deforma- 
tions for  calculating  nonuniformities  and  redistribution  within  cyclic 
triaxial  specimens. 

57.  A series  of  monotonic  tests  should  he  performed  incorporating 
various  total  stress  paths  to  verify  the  uniqueness  of  the  effective 
stress  path. 


-»  M _ . . . 
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1.  The  procedure  for  calculating  the  C„  versus  c relation- 

N o 

ship  presented  in  Figure  23  (see  main  text)  is  as  follows: 

a.  Utilising  the  data  presented  in  Figure  22  (see  main  text) 

i ? 1 1 * 

or  contained  in  RR-76-2,  Reports  1 and  2,  * a figure 

similar  to  A-l  comparing  N versus  o for  various 

o 

D^-values  was  prepared. 

b, .  From  Figure  A-l,  N-values  corresponding  to  pressure 

of  1 tsf  can  be  interpolated. 

£.  By  knowing  N , one  can  now  calculate  C. , for  various 
d N 

Dr~  and  o -values  by  using  the  relationship  C„  = N1 /N  , 
as  shown  in  Figure  A-2. 

d..  The  following  tabulation  contains  values  used  for  prepar- 
ing Figure  23  (see  main  text). 

Summary  of  N-Values  Used  for  Calculating 


C^- Values 


Sand  Type 

Pr 

N 

0.72 

N2.88 

VT6 

h 

N /N 

1'  0.72 

Nl/N1.88 

Nl/N5.' 

Reid-Bedf ord 

1*0 

5 

11 

21 

5 

1.0 

0.1*5 

0.2U 

and  Ottawa 

60 

10 

22 

32 

12 

1.2 

0.55 

0.38 

80 

20 

33 

U8 

22 

1.1 

0.67 

0.1*6 

Platte  River 

1*0 

6 

13 

17 

8 

1.33 

0.62 

0.1*7 

6o 

17 

28 

37 

19 

1.12 

0.68 

0.51 

80 

37 

5h 

67 

1*0 

1.08 

0.71* 

0.60 

Standard 

1*0 

6 

15 

25 

8 

1.33 

0.53 

0.32 

Concrete 

6o 

lU 

30 

M* 

16 

l.ll* 

0.53 

0.36 

80 

25 

50 

75 

28 

1.12 

0.56 

0.37 

* Raised  numbers  refer  to  similarly  numbered  items  in  "References" 
presented  on  pp  70-7?  at  end  of  main  text. 
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Skempton's  parameter 
Correction  factor  for  5PT 
Coefficient  of  uniformity 
Relative  density 

Diameter  of  u soil  particle  having  a size  greater  than  50  per- 
cent (by  weight)  of  the  particles 

Critical  void  ratio 

Specific  gravity 

Coefficient  of  earth  pressure  at  rest 

Cyclic  stress  ratio,  c ,/Co' 

cd  o 

Pore  water  pressure 
Dry  unit  weight 

Single  amplitude  cyclic  axial  strain  (i.e.  peak-to-peak  strain) 
Chamber  pressure 
Cyclic  deviator  stress 

Initial  effective  confining  pressure;  effective  overburden 
pressure 

Consolidation  pressure 

Effective  angle  of  internal  friction 


He  id- Bedford  Model  sand 
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In  accordance  with  letter  from  DAEN-RDC,  DAEN-ASI  dated 
22  July  1977,  Subject:  Facsimile  Catalog  Cards  for 
Laboratory  Technical  Publications,  a facsimile  catalog 
card  in  Library  of  Congress  MARC  format  is  reproduced 
below. 
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